Abstract-The transient degradation of semiconductor device performance under irradiation has long been an issue of concern. Neutron irradiation can instigate the formation of quasi-stable defect structures, thereby introducing new energy levels into the bandgap that alter carrier lifetimes and give rise to such phenomena as gain degradation in bipolar junction transistors. Typically, the initial defect formation phase is followed by a recovery phase in which defect-defect or defect-dopant interactions modify the characteristics of the damaged structure. A kinetic Monte Carlo (KMC) code has been developed to model both thermal and carrier injection annealing of initial defect structures in semiconductor materials. The code is employed to investigate annealing in electron-irradiated, -type silicon as well as the recovery of base current in silicon transistors bombarded with neutrons at the Los Alamos Neutron Science Center (LANSCE) "Blue Room" facility. The results reveal that KMC calculations agree well with these experiments once adjustments are made, within the appropriate uncertainty bounds, to some of the sensitive defect parameters.
I. INTRODUCTION

I
T IS well known that radiation-induced defects lead to the transient degradation of semiconductor device performance. Critically, the exact nature of this degradation depends on the specific identities of the defects, because different defect types introduce energy states at different levels within the bandgap. Changes in the defect identities over time depend, in turn, on the initial spatial layout of the defects, as the environment surrounding each defect determines the possible reactions that may occur as well as their relative probabilities.
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Digital Object Identifier 10.1109/TNS.2014.2368075 tors). As this random motion brings defects to within close proximity of each other, reactions can occur that alter or eliminate the participants, thereby causing the characteristics of the system to evolve in time. Macroscopically, these random migration events are manifested as a net diffusion in the direction opposite to the local concentration gradient, with the interdefect interactions describable through standard reaction rate equations. Kinetic Monte Carlo (KMC) has proven to be a useful technique for studying the defect annealing process at the microscopic (atomistic) level.
The term kinetic Monte Carlo refers to a class of Monte Carlo computational techniques that is kinetic in the sense that, under certain preconditions [1] , a quantifiable and physically meaningful progression of time may be established in the context of such simulations. Crucially, a well-characterized set of defect parameters is essential in accurately modeling both the time-dependence and outcome of annealing processes. Decades of research on the properties of silicon defects [2] have yielded a body of information that is sufficient in breadth to render such simulations viable for predictive purposes.
In recent semiconductor annealing studies performed at Sandia National Laboratories [3] , initial clusters of defects were transformed into simplified, spherically-symmetric concentration profiles which were then evolved using a set of discretized drift-diffusion equations. That model provided considerable insight into the defect parameters and reactions that govern the behavior of particular macroscopic observables. One noteworthy advantage of the KMC approach is that the morphological details of the initial defect distribution are propagated to the final, annealed state without the need for explicit mathematical formulae composed in terms of defect concentrations. KMC techniques are therefore capable of modeling the annealing process to a higher fidelity.
Defect annealing in silicon has also been investigated in a series of papers by Martin-Bragado et al. (with particular methodological detail provided in [4] ). These studies also employ the KMC technique; however, emphasis is on the dopant ion implantation process, which pertains primarily to challenges in device fabrication.
The intent of the present work is to develop a computational tool that, foremost, enables expedient analysis of the effects of radiation-induced displacement damage on the electrical characteristics of a device. To this end, analyses were conducted on two relevant yet distinct irradiation experiments that yielded useful data on: 1) annealing throughout the base and depletion region of a standard 2N2222 transistor, including the effects of interactions of defects with ambient free charge carriers (i.e., electrons and holes) under a variety of carrier injection condi-tions, and 2) annealing of uniform defects generated from electron irradiation of bulk, -type silicon.
II. COMPUTATIONAL APPROACH
A. Initial Conditions
The early-time distribution of clustered defects resulting from energetic atomic recoils was modeled using the time-ordered mode of the MARLOWE binary collision code [5] . While an assortment of initial defect types is possible depending upon the nature of the material, the primal point defect is the Frenkel, or vacancy-interstitial, pair. In performing annealing calculations, it was assumed that Frenkel pairs constituted the totality of the initial defects, although a flurry of reactions within the cluster was found to convert a significant fraction of the vacancies into di-vacancy defects nearly instantaneously.
Aside from the underlying crystalline matrix of silicon atoms (not explicitly modeled in the code), dopant and/or impurity atoms may also be present as either substitutional or interstitial defects. These were placed randomly within the simulation cell in sufficient quantity so as to match their macroscopic concentration.
The boundaries of the simulated cell were chosen to be either cubic or ellipsoidal, with the center of the cell coinciding with the centroid of the initial defect cluster. Periodic boundary conditions were enforced in cubic cells. For ellipsoidal cells, which are especially well-suited to high-energy recoils where the defect distribution tends to be skewed along one particular axis, the ellipsoidal parameters were determined using principal component analysis. Mathematical details of the process are discussed in [6] . In short, the unit vectors defining the ellipsoidal semiaxes and the squares of the lengths of those axes are equal to the eigenvectors and eigenvalues, respectively, of the covariance matrix of defect positions. A user-defined multiplicative factor was applied to the axis lengths in order to scale the ellipsoid such that clustered defects were far removed from (i.e., many mean free paths distant from) the cell boundary. Those defects crossing within one reaction radius of the ellipsoidal boundary were shifted to an inverted position in the ellipsoid (relative to the cell center).
B. Kinetic Monte Carlo
The KMC technique is useful from the time at which transient, localized temperature spikes in the collision cascade region have dissipated and the annealing process becomes dependent upon discrete migration events among neighboring minima in the potential energy landscape. The rate of thermally-activated migration events ("hops") is given by the well-known Arrhenius expression (1) where and identify the defect type and charge state respectively, is the hop frequency, is the Debye frequency ( Hz), is the Boltzmann constant, and is the differential in Gibbs free energy between the occupied defect site and the saddle point that must be traversed in relocating to a neighboring energy minimum.
Molecular dynamics studies [7] of Si recoil events have suggested that damage is typically manifested as a coexistence of amorphized regions of atoms alongside crystalline regions containing identifiable point defects. The KMC modeling discussed herein is predicated upon the latter representation of damage, such that defect properties (and the defects themselves) are welldefined. Higher fidelity may be achievable by superimposing the effects of both types of damage, once the electrical impact of the amorphous regions is characterized to a sufficient degree.
Changes in the charge state of a defect may occur through reaction with another charged defect or by one of the following two carrier interaction processes.
1) Carrier capture from the valence or conduction band, the rate of which is given by (2) where is the carrier thermal velocity, is the carrier capture cross section of the defect, and [ ] is the local carrier concentration.
2) Carrier emission to the valence or conduction band, the rate of which is given by (3) for electrons, where is the density of states in the conduction band, is the change in free energy associated with emission of an electron to the conduction band, and is a charge state degeneracy factor. The emission rate for holes is governed by an analogous equation. It should be noted that the emission rate, as formulated in (3), is predicated upon the principle of detailed balance, which is not believed to impose any serious limitations on computed annealing effects due to the far shorter timescale of carrier interactions relative to defect migrations. Also implicit in (2) and (3) is the fact that charge carriers were treated in the continuum approximation even though the defects themselves were modeled as discrete entities. A phenomenon closely associated with carrier capture and emission is Bourgoin-Corbett migration, which represents an extreme case of what D. V. Lang termed the "charge state mechanism" of defect migration [8] . When the saddle point of one charge state coincides exactly with the energetic minimum of a contiguous charge state, it is possible for defect migration to occur athermally. Lee [9] has identified alternations between the neutral and ( ) states of the silicon interstitial as producing a Bourgoin-like migration pathway with an effectively nil activation barrier. In this study, athermal migration of the silicon interstitial was modeled by moving the defect halfway to a randomly chosen, neighboring interstitial site whenever a transition from or from was scored. Defect-defect and defect-impurity reactions were specified in terms of the reactant species, the product species, and a reaction radius within which two reactants are assumed to react instantaneously if at least one of them is neutral. Reactions between species possessing like charges were disallowed, whereas reactions between species of unlike charge were modeled with an enhanced reaction radius as defined by (4) where and are the charges of the reactants, is the permittivity of free space, and is the relative permittivity of the material matrix. This modification to the nominal reaction radius was derived from the Coulomb-adjusted form of the reaction rate constant as determined by Debye [10] . Eq. (4) may be interpreted to signify that a reaction will occur at or below the distance at which the Coulombic attractive energy is equal to the characteristic thermal energy of the system.
III. DEFECT PARAMETERS
Defect parameters were nominally taken from [3, Table I ], which contains a discussion of the rationale underlying their selection. Importantly, the carrier capture cross sections provided in [3] are notional, order-of-magnitude estimates whose values were chosen based on the relative charges of the carrier and the capturing defect. In consideration of the high degree of uncertainty in the capture cross sections, efforts to fit experimental data were focused mainly on that subset of the defect data.
In particular, specific adjustments were made to ensure agreement with data obtained in a range of relevant experimental conditions. Two such examples are investigated in Section IV. In summary, the following adjustments were made relative to the notional cross section estimates.
1) Silicon Vacancy (V):
The electron capture cross section of the (0) state and the hole capture cross section of the ( ) state were augmented by factors of 5.7 and 20, respectively, to cm and cm , with the chosen values originating from a study [11] of transistor annealing following fastburst reactor pulses at the White Sands Missile Range (WSMR). This parameterization will also be shown to accord well with transistor measurements following irradiation at LANSCE.
2) Vacancy-Phosphorous (VP) Complex:
The electron capture cross section of the (0) state and the hole capture cross section of the ( ) state were both augmented by a factor of cm and cm , respectively. The rationale is identical to that of the silicon vacancy.
3) Vacancy-Oxygen (VO) Complex: The electron capture cross section of the (0) state and the hole capture cross section of the ( ) state were augmented by factors of 6.7 and 13.3 respectively, to cm and cm . The basis for this change was to match a range of annealing factors measured by Srour in an electron irradiation experiment addressed in Section IV-A of this document. Adjustments to the VO complex were, in fact, necessitated by the aforementioned transistor-oriented modifications to the capture cross sections of the silicon vacancy, which impacted the recombination worth of the ( ) reaction to which Srour's annealing factor measurements were sensitive.
Reaction radii were universally set to one lattice constant with the exception of the recombination reaction between the silicon interstitial and vacancy, of which the radius was set to 1.528 lattice constants based on ab-initio calculations performed by Beardmore et al. [12] . The latter radius was also assumed to apply to interstitial reactions with the silicon di-vacancy.
IV. RESULTS
A. Electron Irradiation of p-Type Silicon
In an experiment conducted by Srour [13] , the annealing factor of bulk, boron-doped ( -type) float-zone silicon was examined following a 40-ns pulse of electrons. The silicon samples were also subjected to continuous illumination in order to maintain a constant carrier source term. Annealing behavior was assessed at a number of sample temperatures ranging from 235 to 386 K, with an estimated K uncertainty on each temperature setpoint. The electron pulse had the dual effect of producing Frenkel pairs to a high degree of spatial uniformity while simultaneously creating a greatly amplified yet transient background concentration of electron-hole pairs in the system.
Electron-hole production from electrons was set to cm s for 40 ns based on the midpoint of the stated minimum and maximum experimental fluences in conjunction with the ionization partitioning of the electron energy deposition. The electron-hole production rate from illumination, on the other hand, was scaled to achieve consistency with the injection level measured at 10 ms, which varied from sample to sample. An analytical estimate of the illumination source rate is derived in the analysis that follows.
Insufficient information was available to estimate the oxygen content of the actual samples used. Therefore, the oxygen impurity concentration was set to cm based on another study of float-zone silicon [14] . The boron dopant concentration was calculated from the stated room-temperature resistivities of the samples.
Displacement damage from the electrons was modeled through random placement of equal quantities of vacancy and interstitial defects into a cubic volume consistent with the Frenkel pair density in the sample-estimated at cm based on the displacement energy partitioning of 1.4 MeV electrons in silicon. However, for the purposes of KMC simulation, the Frenkel pair density was artificially boosted in order to increase simulation efficiency. Due to the far greater concentration of impurities versus defects, effectively all reactions were between defects and impurities. In order to minimize the simulated volume, the Frenkel pair density was augmented from cm to cm (i.e., to 0.5% of the impurity density) and interdefect reactions were deactivated. This deviation from experimental conditions is inconsequential to the timing and magnitude of the annealing factor as long as the true impurity densities are faithfully reproduced in the model and, additionally, the density of Frenkel pairs remains low enough such that the saturation of impurity sinks is negligible. Changes in the bulk minority carrier concentration were then ascertained through the application of an appropriate scaling factor to defect-carrier interactions occurring in the (periodic) cell. Fig. 1 shows changes in the computed carrier concentrations as a function of time elapsed following the initiation of electron irradiation. Changes in the defect populations over the same timeframe are illustrated in Fig. 2 . After the electron pulse ends at 40 ns, the excess carriers created by the electrons die off rapidly as the system returns to an equilibrium state. By the end of the period of highly elevated carrier concentrations (around s), essentially all of the interstitial defects have already reacted with boron dopants due to enhanced migration from the athermal Bourgoin process, which is the dominant migration mechanism in that timeframe. Initial vacancy annealing around s is attributable to the transient population of higher-mobility charge states (particularly the 2 state) caused by the perturbed carrier concentrations.
Owing to the near-total ionization of the boron dopants, the hole concentration stabilizes at the dopant concentration whereas the electron (minority carrier) concentration continues to drop until a level is reached at which recombination losses exactly balance production from the constant illumination source. At that point, the electron concentration remains constant until ( ) reactions begin to alter the recombination rate. Because VO is less effective as a recombination center than V, the electron concentration increases with each such reaction. At even later times, the formation of boron-boron and boron-oxygen complexes begins to affect the electron concentration as well. These reactions are manifested as a slight dip in the boron interstitial population at the latest times shown in Fig 2; however, their influence largely falls outside of the time window of interest here.
Srour reported annealing measurements in terms of the amplitude-normalized annealing factor, defined as: (5) where , the damage component of the minority carrier lifetime, is proportional to the minority carrier concentration when the carrier creation term is constant. The KMC annealing factor computed from (5) is shown in Fig. 3 at three of the temperatures investigated by Srour in the approximate range of room temperature K. At each temperature, the KMC results correspond to an average over three independent volumes of the -type silicon, each containing 300 Frenkel pairs and an appropriate number of impurities.
Although Srour supplied nominal time-dependent AF curves at each of the temperatures plotted in Fig. 3 , he also noted that considerable sample-to-sample (and resistivity) variation was observed and that, as a general rule, the early-time AF ranged from 1.5 to 3.5 with the majority being above roughly 2.0. Therefore, in order to avoid overemphasizing any particular sample, his data is represented in Fig. 3 as a shaded region covering the stated range of early-time annealing factors. All KMC calculations of the early-time AF are seen to fall within that range. Significantly, the evaluated early-time AF was found to be insensitive to an order-of-magnitude variation in the oxygen concentration, which was only estimated in this analysis. The VO reaction time constant, however, does scale with the assumed oxygen concentration.
Due to the diluteness and spatial uniformity of the electron irradiation products, it was possible to devise a set of analytical formulae describing the time dependence of the minority carrier concentration within the timeframe of Fig. 3 . Considering only the charge states that were found to be populated in the KMC model, the balance equation (6) applies, where is the carrier source from illumination, is the time constant of the ( ) reaction, is the vacancy concentration just prior to significant interaction with the oxygen sinks (i.e., at about 10 ms), and (7) The function represents the probability that a VO defect in the ( ) state will revert to the (0) state by capturing a hole (rather than emitting an electron). This factor is needed because the energetic barrier for electron emission from is small enough that the rate of electron emission is on the same order of magnitude as the rate of hole capture near room temperature. Since electron emission produces no net change in the concentration of free electrons in the conduction band (due to the fact that was formed by electron capture in the first place), (7) therefore represents the fraction of electron capture events that result in the "permanent" removal of a conduction band electron.
For a system of isolated, mobile vacancy defects surrounded by a random array of stationary oxygen sinks, it can be demonstrated [15] that the reaction time constant is expressible as (8) where is the diffusion coefficient prefactor and the sink strength, , is given by the recursive relation [16] (9)
where . Equations (6)- (9) were found to match the KMC-calculated annealing factor profiles of Fig. 3 to a high degree of accuracy using the second-order form of (9) . Of particular significance are the illumination source term and the annealing factor at 10 ms, which, upon applying the boundary condition of zero rate of change in [ ] immediately before and after the ( ) reaction phase, can be expressed as
Equation (11) defines a temperature-dependent relationship among the early-time annealing factor and the V and VO capture cross sections that must be satisfied in order to attain agreement with Srour's measurements. Temperature dependence in (11) arises from the Arrhenius factor in (7) that modulates the carrier emission term. The cross sections employed in this study (and discussed in Section III) were selected to achieve consistency between the calculated and measured annealing factors in the range of K K.
B. 2N2222 Neutron Irradiation at LANSCE
The electron irradiation experiment scrutinized in the previous section provided insight into one particular defect reaction as well as the defect and impurity parameters needed to characterize it; however, the KMC model should also be able to capture the evolution of defect clusters subject to a variety of ambient carrier and impurity environments. To verify this, the code was used to model defect behavior in conditions relevant to a neutron irradiation experiment at Los Alamos National Laboratory's LANSCE "Blue Room" facility [17] , in which 2N2222 npn transistors were bombarded with high energy neutrons produced from spallation reactions in tungsten.
While the 1-MeV [Si] equivalent fluence achievable at LANSCE is small relative to most fast-burst reactor sources, a significant advantage is that the short pulse width ( ns) and lack of residual, postpulse radiation allow for meaningful annealing measurements to be taken at much earlier times. Specifically, while gain degradation data can typically be acquired at ms at a fast-burst reactor, such data is recordable at s at LANSCE. This early-time data is important because the neutron-induced defect clusters have not yet fully dispersed within that timeframe, and one of the highlights of the KMC model is the high-fidelity manner in which cluster morphology is handled. Consequently, LANSCE data is especially useful in validating the performance of the code. Fig. 4 shows the dopant and carrier depth profiles of a steadystate, unirradiated 2N2222 transistor operating in forward active mode at two emitter currents: 0.22 and 9 mA. The primary effect of boosting the current is the enhancement of minority carrier injection-a byproduct of the increased bias on the emitter-base junction. In the absence of a coupled model of carrier dynamics in the device, the displayed carrier concentration profiles were utilized as a time-independent boundary condition. Consequently, this analysis does not account for any impact of photocurrent on the annealing process at very early times. Moreover, carrier densities within a cluster were assumed to be spatially uniform and equal to the respective densities at the cluster boundary.
Displacement damage effects at each depth were evaluated as an average over the individual contributions of a random sample of independent, noninteracting clusters. Sample sizes of 200 clusters and 80 clusters were employed at 0.22 and 9 mA, respectively. The larger number of samples at 0.22 mA was related to the greater early-time noise encountered at that bias. Although incident neutrons from LANSCE arrived with approximately an atmospheric spectrum of energies (average energy of MeV), the recoils were modeled as having occurred from monoenergetic, 1-MeV neutrons at a fluence consistent with the measured 1-MeV [Si] equivalent fluence from the experiment, which was reported as n cm . A further simplification was made in replacing the true silicon recoil spectrum with a delta function positioned at the average recoil energy-computed to be 41 keV based on a database of Si recoil spectra derived from the EMPIRE code [18] . Hence, cluster-to-cluster variation was entirely due to the stochasticity inherent in the collision cascade process at constant recoil energy. Basic characteristics of the collision cascades arising from 41 keV recoils were postulated to be representative of cascades that would be formed by much higher energy neutrons (as from LANSCE) because the chosen recoil energy significantly exceeds the threshold energy for subcascade formation in Si. Increasing the recoil energy beyond that threshold tends to result in repetitions of subclusters exhibiting the same fundamental topology [19] , though overlap effects among subclusters may be energy-dependent.
The cluster-averaged recombination rate, as calculated from the differential between the net carrier capture and emission rates, is shown in Fig. 5 . Insight into the defects responsible for recombination may be gleaned from Fig. 6 , which illustrates the KMC-evaluated time dependence of the defect populations at key positions in the transistor. Large numbers of VP defects are produced rapidly in the emitter due to a high concentration of P dopants in tandem with Coulombic enhancement to the reaction radius between the positively charged P atoms and the negatively charged silicon vacancies. Production of VP remains significant in the depletion region, although the magnitude decreases (and the time constant becomes larger) with depth as the concentration of P diminishes and the vacancies spend progressively less time in a negative state. Interstitial reactions with B dopants become the dominant defect-impurity reaction around the middle of the depletion region. Beyond that point, the characteristic time constant of the annealing process shifts to later times as a function of depth, partly as a result of charge state-induced changes to the migration parameters of the primal defects, and partly due to the monotonic decrease in the dopant concentrations with depth.
From the recombination rate as a function of depth and time, the recombination current may be computed as (12) where is the charge per carrier, is the cross-sectional area of the device near the depletion region, is the number density of silicon atoms, is the 1-MeV [Si] equivalent fluence, is the microscopic elastic scattering cross section of silicon with respect to 1-MeV neutrons, is the recombination rate in units of (cascade ), and and define the integration volume boundaries on the and sides of the junction. Only elastic scattering is considered here because there is no competing reaction by which 1-MeV neutrons can produce a substantial number of displacements in silicon.
From the ENDF/B-VII.1 cross section libraries [20] , was determined to be approximately 4.67 barns. The value of the effective cross-sectional area, , was taken from an existing 2N2222 calibration exercise [21] to be cm . By substituting these parameters into (12) and integrating from the emitter / depletion edge to near the base / collector junction, the recombination component of the base current was obtained. This current, shown in Fig. 7 , is compared against the measured base current at LANSCE as adjusted by subtracting out the timeaveraged, steady state preirradiation current.
Overall, the KMC-calculated current agrees quite well with the measured current, thereby supporting the cross section adjustments to V and VP proposed in [11] . At early times (before about s), the measured signal is largely obscured by the effects of neutron-induced ionization on the transistor operation. Since the present model does not account for this effect, the comparison is valid only after the transient, ionization-induced component of current has died away.
In the higher-injection (9 mA) case, agreement in the magnitude and rate-of-change of the base current begins to break down above roughly s. From Fig. 5 , it is apparent that recombination in the neutral regions plays a much more important role at 9 mA than at 0.22 mA. Neutral regions are precisely where cluster-charging (band bending) effects are most significant due to the sizeable incongruity between the majority and minority carrier concentrations, which can cause defect clusters to charge up with majority carriers and thereby create a local electric field that is sufficiently strong to alter the defect evolution process. Since cluster charging has not yet been incorporated into the KMC model, this effect is believed to be at least partially responsible for the discrepancy observed at the higher operating current.
V. CONCLUSION
A kinetic Monte Carlo code has been developed with specific features to enable exploration of semiconductor device degradation under irradiation. The utility of the KMC model was demonstrated through comparisons against observed annealing factors in electron-irradiated silicon and also against the measured base current of a 2N2222 npn transistor irradiated at LANSCE while operating in forward active mode at emitter currents of 0.22 and 9 mA.
Although the KMC code performed well in comparisons against the recovery of base current in a LANSCE-irradiated 2N2222 transistor biased at 0.22 mA, divergence between the KMC calculation and experiment after s at a bias of 9 mA was posited to be indicative of a physical phenomenon that is presently lacking in the code-cluster charging in regions exhibiting a large difference between the majority and minority carrier concentration. An existing transistor-oriented parameterization of the V and VP capture cross sections was found to produce good results in the present study as well. One option for incorporating cluster charging effects into the model could take the form of a KMC-compatible Poisson solver implemented in conjunction with a discretized representation of the local carrier concentrations overlaid onto the defect map.
Furthermore, the results suggest that the analysis of "targeted" experiments-i.e., those with outcomes dictated by a small subset of defect reactions-can be useful as a supplementary means of converging on a consistent set of defect parameters when gaps exist in the body of measured data. This was demonstrated via the reconciliation of the V, VO, and VP capture cross sections with the annealing factors measured following electron irradiation of bulk -type silicon. In all cases, the cross sections were subject to uncertainties, a priori, of about an order or magnitude.
